Sequencing of the 7 kb immC region from four P1-related phages identified a novel DNA recombinase that exhibits many Cre-like characteristics, including recombination in mammalian cells, but which has a distinctly different DNA specificity. DNA sequence comparison to the P1 immC region showed that all phages had related DNA terminase, C1 repressor and DNA recombinase genes. Although these genes from phages P7, ww39 and p15B were highly similar to those from P1, those of phage D6 showed significant divergence. Moreover, the D6 sequence showed evidence of DNA deletion and substitution in this region relative to the other phages. Characterization of the D6 site-specific DNA recombinase (Dre) showed that it was a tyrosine recombinase closely related to the P1 Cre recombinase, but that it had a distinct DNA specificity for a 32 bp DNA site (rox). Cre and Dre are heterospecific: Cre did not catalyze recombination at rox sites and Dre did not catalyze recombination at lox sites. Like Cre, Dre catalyzed both integrative and excisive recombination and required no other phage-encoded proteins for recombination. Dre-mediated recombination in mammalian cells showed that, like Cre, no host bacterial proteins are required for efficient Dre-mediated site-specific DNA recombination.
INTRODUCTION
The Cre recombinase of bacteriophage P1 is a member of the lambda integrase or tyrosine recombinase family of sitespecific DNA recombinases. Because of its relatively simple biochemical requirements, its highly specific recognition of a 34 bp site not normally present in most genomes, and its ability to catalyze DNA recombination both in prokaryotes and in eukaryotes Cre has proven useful both in elucidating the mechanism of site-specific DNA recombination (1) and in developing powerful strategies for genetic engineering (2) .
Large scale mutagenesis (3) , in vitro evolution approaches (4) (5) (6) and the availability of several crystal structures for Cre (1) , as well as comparative sequence analysis to other recombinases (7) (8) (9) , have all contributed to an understanding of Cre's DNA specificity and mechanism of action. Still, a deeper appreciation of specificity and function could be had if close homologs of Cre recombinase were available for comparison. The elegant genetic dissection of specificity determination using the lambda and HK022 Int proteins attests to the power of such an approach (10, 11) . In this work, we sequenced the pac-c1 genomic regions of several P1-related phages to identify Cre homologs.
The P1 genome, the sequencing of which has recently been completed in its entirety (12) , is relatively large for a temperate DNA bacteriophage: 95 kb. P1 is unusual among temperate bacteriophages in that it maintains itself as an extrachromosomal unit copy plasmid in the lysogenic state. Cre is expressed in P1 lysogens and its site-specific DNA recombination activity contributes to the stable maintenance of the P1 prophage during lysogeny. Cre resolves P1 dimers that arise by homologous recombination after DNA replication, thus helping to ensure segregation of a P1 monomer to each daughter cell at cell division (13) . Because P1-related phages also maintain themselves as an extrachromosomal plasmid in the lysogenic state, we expected that they too would have a comparable recombinase function.
The P1 cre gene and its 34 bp recombination target site loxP lie in a relatively short interval of P1 DNA that includes two other phage functions with unusual features. To the left of cre is the immC immunity region of P1 that encodes the C1 repressor and several other immunity proteins that modify its action. ImmC, in turn, lies just to the right of the two genes for the P1 pacase or terminase and the pac site at which P1 DNA packaging begins. DNA packaging in P1 is unusual because protein recognition of the P1 DNA packaging site is regulated by DNA adenine methylation (dam). Understanding of P1 DNA packaging has led to the development of both high frequency P1 transducing phage strains (14) and an in vitro P1 packaging system for the construction of recombinant DNA libraries with large DNA inserts (15) . Although immunity in P1 is orchestrated in a complex manner and includes several different immunity regions (16) , including anti-repressor components, the C1 protein is itself unusual compared with other phage repressors in that it recognizes an asymmetric DNA-binding site (17) . To the left of the P1 cre gene is c8, another immunity gene, followed by ref, a gene involved in the homologous recombination of short DNA repeats (18, 19) .
In this work, we sequenced and compared the $7 kb pac-c1 region from five P1-related phages, namely, the closely related phage P7 (20) , the defective phage p15B (21) , transducing phage jw39 (22) and the P1-like transducing phage D6 isolated from Salmonella oranienburg (23) . All exist as an extrachromosomal plasmid in Escherichia coli and, with the exception of D6, all are members of plasmid incompatibility group Y (22, 24) . P1, P7 and p15B genomic DNAs crosshybridize (24) , as do those of D6 and P1 (25) . Interestingly, the immC regions of D6 and P1 do not cross-hybridize (25) , suggesting that counterparts of P1 genes in this region of D6 may be diverged or absent. Sequence comparisons presented here showed that this region is similarly organized in all phages and encodes DNA packaging, repressor and recombinase genes. Sequence identity was very high for this $7 kb region amongst all the phages except for D6. Characterization of the D6 recombinase showed that although it is closely related to the P1 Cre recombinase, it exhibits a distinctly different DNA specificity that can be used either to remove a marker gene or to activate gene expression in vivo.
MATERIALS AND METHODS

Bacteria and phage
Bacterial strains and lysogens used in this work are listed in Table 1 . Bacteria were propagated in Luria-Bertani broth (26) with appropriate antibiotics: streptomycin (10 mg/ml), ampicillin (100 mg/ml) and chloramphenicol (34 mg/ml). Zeocin (Invitrogen) was used at a concentration of 10 mg/ml in Lennox broth (27) . Phages were titered, maintained and propagated in the presence of 5 mM CaCl 2 . Lysogenization of DH5DlacU169 by selection for Cm R after infection with P1 CM (a gift from N. Sternberg) generated BS610.
In general, phage stocks were prepared and titered using the indicator strain Sh-16. Strains lysogenic for P1 CM, P7 c1.9, jw39 and D6 (Table 1) all spontaneously released a low number of phage after culture overnight that gave small plaques on Sh-16, indicating that these P1-like phages were capable of both lysogenic and lytic growth. Phage plate stocks (9-10 h at 37 C) were prepared with a fresh overnight culture of the indicated donor strain (28) , and used immediately. For transduction, 0.1 ml of a fresh overnight of the recipient strain DH5DlacU169 was infected with an aliquot of the transducing stock. After pre-adsorption for 5 min at room temperature, the cells were diluted to 1 ml with LB broth + 5 mM CaCl 2 , incubated 50 min at 37 C and then plated on selective medium.
DNA sequencing and plasmid construction
Circular plasmid DNA of bacteriophages P1 CM, P7 c1.9, jw39, p15B and D6 was prepared using the Qiagen Large Construct Kit (Valencia, CA). For phages P1 CM, P7 c1.9, jw39 and p15B, we designed PCR primers based on the published sequences of the P1 genes between lpa (formerly gene 10) and ref. This region encompasses the DNA packaging genes pacA and pacB, the c1 gene along with several other immunity genes, and the gene for Cre recombinase. For all these phages, at least several P1 primer pairs were identified for amplification of this interval. PCR fragments generated from each phage were sequenced directly and the resulting sequence information was used to design additional primers. A combination of PCR fragment sequencing and primer walking by direct sequencing from phage DNA was then used to obtain the complete sequence for each phage of the $7 kb region from pacA to the beginning of the ref gene.
For phage D6, none of the PCR primer pairs used for P1 or the other P1-related phages produced an amplified product. We therefore constructed a D6 library by partial Sau3A digestion of D6 DNA, cloning into the BamHI site of pUC19 and transformation of DH5a. To eliminate smaller clones from this library, it was digested with EcoRI, size-selected by agarose gel electrophoresis to contain inserts of >1.5 kb and religated. Shotgun sequencing identified one clone having strong similarity to the P1 pacB gene. Specific primers were designed and were used to sequence directly from D6 DNA by primer walking in both directions to obtain $7 kb of flanking sequence. 0 were cloned into a pBluescript II KS (Stratagene) derivative using NheI and SalI to give the lox plasmid pBS516. The one nucleotide difference (double underline) of this lox site from loxP does not affect Cre-mediated recombination (29) . Digestion of pBS1051 with either XbaI + AlwNI or BamHI + AlwNI and ligation with the XbaI-BamHI zeo fragment from pZeoSV (Invitrogen) generated the rox 2 -zeo plasmid pBS1080. The analogous loxP 2 zeo plasmid pBS890 was constructed by V. Petyuk of this laboratory by blunt-ending the 600 bp FokI-SalI zeo fragment from pZeoSV and cloning it into the SmaI site of the loxP 2 vector pBS246 (30). The dre gene was amplified with Pfu DNA polymerase (Stratagene) from D6 DNA with the oligo's 5 0 -AGA TGG TAC CAG GAG GAT ATC AAT ATG AGT GAA TTA ATT ATC TCT GG-3 0 and 5 0 -CTT TAG TCT AGA TTC ATT ATG AAT CCA TCA AGC GGC-3 0 (D6 coding region underlined), digested with KpnI and XbaI and cloned into the Cm R arabinose-inducible vector pBAD33 (31) to generate pBS1081. The analogous pBAD33-cre construct has been described previously (6) . All cloned oligos and PCR products were confirmed by DNA sequencing.
The dre gene was placed under the control of the EF1a promoter for mammalian expression by replacing the KpnIXbaI GFP fragment of pBS377 (32) with the KpnI-XbaI dre fragment from pBS1081. The EF1a-cre expression plasmid pBS513 (33) and the control CMV-lacZ plasmid p324 (34) have been described previously. To construct the enhanced green fluorescent protein (EGFP) expression vector pBS504, the following three DNA fragments were cloned between the unique HindIII and EcoRI sites of pBS397 (35): the EcoRI-KpnI EF1a fragment of pBS377, the KpnI-XbaI EGFP fragment of pEGFP-1 (Clontech, Palo Alto, CA) and the XbaI-EcoRI fragment from pBS377 carrying the polyA signal. The EcoRI-HindIII rox 2 zeo cassette from pBS1080 was blunt-end ligated into the EcoRV site lying between the EF1a promoter and the EGFP gene in pBS504 to generate the rox recombination reporter plasmid pBS1083.
DNA analysis
We performed PSI-BLAST searches (36) to determine closest homologs of identified genes. The bendability/curvaturepropensity plots were calculated with the bend.it server, using DNase I-based bendability parameters (37) and the consensus bendability scale (38) .
Site-specific DNA excision
Plasmids pBAD33, pBAD33-dre or pBAD33-cre were electroporated into DH5a cells containing either the reporter plasmid pBS890 or pBS1080, incubated for 1 h at 37 C in SOB media (6) and then plated, selecting for Cm R Ap R to ensure retention of both plasmids in the resulting transformants. To ensure that recombinase was not expressed at inordinately high levels, the pBAD plasmids were used without overt arabinose induction (9) . The next day, colonies were individually tested for drug resistance markers by growth on appropriate antibiotic containing plates.
CHO-K1 cells were transfected using Polyfect (Qiagen) with 1.5 mg DNA per well of a 6 well dish as recommended by the manufacturer. Co-transfections used a 9:1 ratio of Cre, Dre or lacZ expression vector DNA to either pBS504 or pBS1083 as indicated. Fluorescence was monitored 2 days after transfection with a Leica DMR microscope mounted with an Optronics Magnafire digital camera, and DNA was then prepared for PCR analysis. Recombination was detected by PCR (31 cycles for 30 s at 94 C, 30 s at 60 C, 60 s at 72 C) using the sense EF1a primer KC315 5 0 GCTTGGCACTT-GATGTAATTCTCCTTG 3 0 and the antisense EGFP primer BSBS382 5 0 GGTCAGCTTGCCGTAGGTGGC 3 0 . Predicted product sizes are 302 bp for pBS504, 1704 bp for pBS1083 (not observed because of the short cycling times used) and 389 bp for the Dre excision product of pBS1083.
RESULTS
Even though the immC region of phage P1 does not crosshybridize to phage D6 DNA, it seemed likely that D6 would carry a site-specific DNA recombination system like that of P1, and that this recombinase/recombinase recognition site would lie in the D6 immC region. We therefore checked for the presence of a recombinase activity genetically. If there were a Cre-like D6 recombinase, then infection of the D6 clone plasmid library with phage D6 would 'pick-up' relevant plasmid clones as a result of low level site-specific integrative recombination between phage DNA and plasmids carrying a D6 recombination site. Thus, D6 would be able to transduce relevant Ap R clones to a new bacterial recipient where they would be excised from the phage genome by the D6 sitespecific recombinase to take up plasmid residency. A similar strategy was used previously to pick-up loxP plasmid clones using phage lambda carrying the loxP-cre region of P1 (39) . Table 2 shows that D6 could transduce the Ap R marker from a library of D6 clones, but not from a strain having an anonymous randomly chosen D6 cloned insert or from a non-plasmid strain, Sh-16. These results indicate that, like P1, D6 carries a site-specific DNA recombinase that catalyzes both integrative and excisive recombination.
To compare the recombinase genes, as well as the adjacent c1 and pac genes, we sequenced the $7 kb immC region from four P1-related phages: P7 c1.9, jw39, p15B and D6. For the first three of these phages, the gene organization of this region was identical to that of phage P1, whereas that of phage D6 had a similar structure (Figure 1 ). To confirm that this D6 region did indeed harbor the recombinase site that we had detected previously, we sequenced six randomly chosen plasmids transduced by D6, naming them Pick-Up clones PU-5, etc. All carried overlapping sequences from the same immC DNA region we had sequenced (Figure 1 ), strongly indicating that each carried a D6 DNA site for site-specific recombination.
The overall gene organization of the sequenced region from D6 is similar to the pac-ref region of P1 despite low sequence identity. On the left (Figure 1 ), there is a gene showing 24% similarity to P1's lpa (late promoter activating protein) or gene 10. This is followed by DNA packaging genes (pacA and pacB), a c1 repressor gene and a D6 recombinase 'dre' similar to the P1 cre gene. We discuss these genes in more detail below. There are also several non-conserved open reading frames (ORFs) in this region of the D6 genome, and an insertion of a gene similar to the deoxyuridine 5 0 -triphosphate nucleotidohydrolase of the photosynthetic bacterium Rubrivivax gelatinosus (dut; Figure 1 ).
DNA packaging genes
P1 packages its DNA using a terminase composed of the PacA small subunit and the PacB large subunit. Table 3 compares the PacA's and PacB's for each of the 5 P1 family phages. Although PacA was very similar (97-100%) for phages P1, P7, jw39 and p15B, the PacA protein of D6 was 57 amino acids longer and showed only 18% similarity to PacA from any of the other phages (see also Figure 2 ). D6 PacB was somewhat more similar to the PacB proteins of the other P1 family members (53-54%) and was slightly larger. Interestingly, the other four phages form two clear subgroups: P1 and P7 are nearly identical to each other, likewise jw39 and p15B are nearly identical, with the two subgroups 89% similar to each other. In addition, the defective phage p15B carried a nonsense mutation that truncates the C-terminus of PacB.
P1 headful DNA packaging proceeds from a specific 162 bp pac site located within the 5 0 end of the pacA structural gene (Figure 2) . The site consists of two clusters of hexanucleotide repeats flanking a central region where DNA cleavage occurs (40) . Each of the hexamer repeats has a core 5 0 -GATC dam methylation site. PacA protein binds to the hexamer repeats in a DNA methylation-dependent manner and then associates with PacB to loop the two binding domains in an IHF The equivalent lpa-c8 regions of P7, jw39 and p15B showed the same genes and gene order as shown for P1 except that in P7 the imcA and imcB genes were fused. As discussed in the text, gene products of this region from these other phages were 89-100% similar to their P1 counterparts. Also shown is the corresponding 7644 bp region from D6. The degree of similarity between individual genes of P1 and D6 is indicated according to the color scale shown. P1 genes in white have no D6 equivalent in this region, and D6 genes in black have no P1 equivalent. Below and aligned with the D6 map is diagrammed the DNA insert of several PU clones obtained by site-specific recombination. and HU-dependent manner prior to DNA cleavage (41, 42) . In phages P7, jw39 and p15B, this 162 bp region differed from that of P1 by 4, 9 and 2 bp, respectively, but the integrity of the seven hexamer repeats was completely preserved, suggesting that all four of these phages package DNA in the same manner. Similarly, the IHF-binding site adjacent to the region of DNA cleavage was identical in jw39 and P1, although in P7 and p15B this site displayed a one nucleotide change from 5 0 -AAACAAAGAGTTA to 5 0 -AAACAGAGAGTTA (change underlined).
The low degree of similarity between D6 and P1 PacA proteins suggests that their DNA-binding specificities may differ. In addition, there was no region of clustered dam sites characteristic of the P1 pac site and no consensus IHF-binding site in the D6 pacA gene (Figure 2 ), further suggesting a difference in the DNA recognition specificities of the P1 and D6 terminases. Interestingly, though, there was a potentially curved DNA sequence in the 5 0 region off the D6 pacA gene (asterisk, Figure 2 ). The curvature-propensity plot, calculated with DNase I-based trinucleotide parameters, contained one peculiar maximum in this region, whose magnitude (14.7 /helical turn) exceeded the value calculated for Columba risoria bent satellite DNA (13.5 /helical turn). No such potentially curved DNA was detected in the pacA genes of P1, P7, jw39 or p15B.
C1 repressor and immunity
There was little difference in the immunity genes of the immC region for the four phages P1, P7, jw39 and p15B (Figure 1) . The C1 repressors of P1 and P7 had previously been shown to be identical (43) , so the three amino acid changes (A110V, P190L and D277S) in P7 c1.9 are likely specific to this P7 temperature-sensitive repressor. Aside from a K268R change in jw39, the p15B and jw39 C1 repressors were identical to that of P1. The Coi (c one inactivator) protein sequence was identical for all four of these phages except for an A62T substitution in p15B. The predicted imcA and imcB gene products were also identical except for an A27T difference in P1. Interestingly, these two genes were fused in P7. Some variation was seen for C8 among phages P1, P7, jw39 and p15B, but all showed >85% similarity. On the other hand, the D6 C1 protein was only 16% similar to P1 C1. Moreover, in phage D6, the distance between c1 and the recombinase gene dre was much shorter than the corresponding region in P1, and the coi and imcA/imcB genes were missing.
Recombinase
Among the four phages P1, P7, jw39 and p15B, the 343 amino acid Cre recombinase was highly conserved. The jw39 Cre differed from P1 Cre by the single amino acid change T206A, P7 Cre differed from P1 Cre by the two changes A178S and G280D, and the p15B Cre differed from P1 Cre by three changes: P107L, A249S and A252P. Similarly conserved among these four phages was cra (putative cre associated function), an ORF of unknown function adjacent to cre originally designated as orf1 (44) . The putative P1 Cra protein differed from that of P7, jw39 and p15B by 3, 1 and 2 amino acids, respectively. In accord with the nearly identical Cre recombinases of these four phages, all of them carried an identical 34 bp lox site located midway between c1 and cre.
In contrast, D6 displayed a recombinase gene only 39% similar to the P1 cre gene and no 34 bp lox site anywhere in this 7.6 kb region of DNA (Figure 1 ). This suggested that the dre might recognize a recombination site distinct from lox. As noted above, the interval between c1 and dre was much shorter in D6 than the corresponding region in P1, and no ORF corresponding to cra was found. From the D6 pick-up experiments, we knew that a recombination site must lie within the D6 sequence present in the PU7 clone (Figure 1 ), a 2.1 kb fragment that includes both dre and the interval between c1 and dre. We therefore inspected the 394 bp c1-dre interval for a candidate recombination site for Dre.
The P1 lox site consists of two 13 bp inverted repeats flanking an asymmetrical 8 bp spacer region that imparts an overall directionality to the recombination site. In the c1-dre interval from D6, we detected two DNA sequences resembling this structure. Figure 3 shows a 69 bp portion of the c1-dre interval within which is a 32 bp sequence having two perfect 14 bp inverted repeats (solid arrows) separated by 4 bp. Just abutting this potential Dre recombination site was a similarly configured 18 bp DNA sequence with less perfect inverted repeats (dashed line arrows).
To determine the involvement of either of these DNA sequences in Dre-mediated recombination, we constructed several test plasmids and evaluated their ability to recombine with D6 using the D6 plasmid transduction assay. Table 4 shows that D6 transduces PU7, but not pUC19, from a recA host to a recA recipient at high frequency. Taking advantage of a fortuitous DraI site present in each 14 bp inverted repeat ( Figure 3, upper case) , we mutated the 32 bp candidate site by deleting the 12 bp between the DraI sites to generate a PU7 derivative, PU7-DDra1. The lack of D6 transduction of this plasmid (Table 4) indicated that the integrity of the 32 bp region was necessary for recombination and suggested that the adjacent shorter imperfect inverted repeat region was not a recombination site. The 32 bp region might thus be the region of crossover (X-over) recombination or rox site for Dre recombinase. To test this, we placed this sequence on pUC19 and tested its ability to undergo recombination with D6. Transduction of pUC19 carrying the putative rox site occurred at high frequency ( Table 4 ), confirming that the rox sequence was sufficient for recombination. Moreover, no transduction of a pUC19-lox plasmid was obtained, indicating that D6 cannot recombine with the P1 lox site.
We wanted to establish whether or not the Dre recombinase was the only D6-encoded protein required for recombination at rox. As a first step in this direction, we placed the dre structural gene under the control of the arabinose-inducible promoter in plasmid pBAD33. SDS-PAGE and western blot analysis showed that this construct expressed a Cre-sized protein of $36 kDa that cross-reacted with a polyclonal antibody to Cre (Figure 4) .
We assayed Dre-mediate recombination using a rox 2 zeo construct ( Figure 5 ) that carries two directly repeated rox sites flanking zeo, a gene that confers resistance to the antibiotic zeocin. Cells carrying this construct become sensitive to zeocin upon loss of zeo by excisive recombination at the rox sites. Table 5 shows that transformation of the rox 2 zeo strain with the compatible Cm R plasmid pBAD33-dre resulted in loss of zeocin resistance in all transformants. No loss of zeo was seen with a control plasmid having no insert or with a construct expressing Cre recombinase. Conversely, a strain carrying a lox 2 zeo construct was refractory to excisive recombination by the Dre-expressing construct but readily underwent excisive recombination with loss of zeo when tranformed with the Creexpressing construct. Sequencing of the rox plasmid from several zeocin-sensitive colonies confirmed that precise excisive recombination had occurred at the rox site. Thus, Dre mimicked Cre's ability to perform excisive recombination, but the two recombinases were heterospecific, i.e. Cre did not catalyze recombination at rox and Dre did not catalyze recombination at lox. Unlike many members of the tyrosine recombinase family, Cre recombinase of phage P1 requires no accessory phage or bacterial proteins for recombination. This characteristic of Cre is illustrated by Cre's ability to catalyze DNA recombination in a variety of eukaryotic cells (45, 46) . To determine whether Dre also had no requirement for accessory bacterial proteins, and thus would be able to catalyze DNA recombination in a mammalian cell, we tested Dre's ability to recombine rox sites in CHO cells. Dre recombination was assayed by using a reporter plasmid that would express EGFP in transfected cells only if activated by recombination between two directly repeated rox sites ( Figure 6A ). In the reporter plasmid, a rox 2 zeo cassette is inserted between the EF1a promoter and the EGFP gene, positioning both an upstream zeo gene and a polyadenylation site act to block EGFP expression. Dremediated recombination at the flanking rox sites would remove these blocks. To express Dre, we constructed a second plasmid vector in which the dre gene was placed under the control of the EF1a promoter. Figure 6B shows that cotransfection of CHO cells with the rox reporter construct and the Dre expression vector produced a significant number of green fluorescent cells (panel i), whereas there was no detectable fluorescence when the reporter was co-transfected with a Cre expression plasmid (panel ii). The frequency of fluorescent cells from Dre-mediated activation of the EGFP gene was similar to the transfection efficiency of an EGFP reporter plasmid having no rox 2 zeo cassette (panel iii). PCR confirmed that recombination at the rox sites in cells co-transfected with the Dre expression plasmid and that no recombination occurred at the rox sites in cells co-transfected with the Cre expression plasmid ( Figure 6C ). Thus, Dre-mediated recombination requires no bacterial proteins for efficient DNA recombination at rox.
DISCUSSION
Here, we compare the sequence of the $7 kb region encompassing the terminase, repressor and recombinase genes from five related bacteriophages: P1, P7, jw39, p15B and D6. With the exception of phage D6, the respective genes of this region were nearly identical. The few differences that did exist indicated that P1 and P7 form one subgroup and that jw39 and p15B form a second closely related subgroup. Although this region of D6 displayed the same overall gene organization, the amino acid sequences of the D6 proteins showed much less similarity to their P1 counterparts than did these proteins from the other P1-like phages. In addition, there were several insertions and deletions of ORFs.
The conservation of the PacA protein and its cognate DNA packaging site pac (to which PacA binds) in four P1-like phages indicated that their DNA packaging proceeds in a near identical manner. In contrast, the DNA-binding PacA protein of D6 was only distantly related to the P1 PacA protein and the hallmark features of the P1 pac site sequence, two clusters of potentially dam-methylated hexamer sites flanking an $90 bp segment carrying an IHF-binding site, were not found in the D6 pacA gene, although there was a potentially curved DNA sequence in this region found. This suggests that although D6 terminase is clearly related to the P1 enzyme, D6 DNA packaging will differ in detail from the process used by phage P1.
The near identity of the C1 repressors of phages P1, P7, jw39 and p15B was paralleled by the high conservation of Coi, a protein that binds to C1 and negatively regulates its activity. In contrast, the C1 protein of D6 showed considerable divergence from that of P1 and no coi gene was found in this region. The low sequence similarity of the repressors suggests that they bind different DNA sequences and this may contribute to the observed heteroimmunity of phages P1 and D6 (25) . There were six amino acid differences amongst the four Cre recombinases of phages P1, P7, jw39 and p15B, with no one protein differing from P1 Cre by more than three changes. Of these six amino acid differences, four lay in flexible regions of the Cre protein that tolerate pentapeptide insertion (Figure 7) , the other two were conserved amino acid changes. The presence of an identical 34 bp loxP site in these four phages also indicated that these proteins are functionally equivalent. On the other hand, the D6 recombinase Dre was only 39% similar to Cre. Even so, Dre is more closely related to Cre than are other members of the tyrosine recombinase family (9) . The two recombinases are clearly heterospecific: Dre catalyzed recombination at a distinct 32 bp rox recombination site that was not recognized by Cre. Conversely, Dre did not recognize lox, the 34 bp recombination site recognized by Cre.
Both the lox and rox recombination sites ( Figure 5 ) are structurally similar, exhibiting two perfect inverted repeat elements (13 bp for lox, 14 bp for rox) flanking a short asymmetric intervening sequence or spacer that is typically used by members of the tyrosine recombinase family to provide a homology sensor for productive pairing and recombination. Both recombination sites share sequence identity except for the spacer region and a 3 bp heterology in the middle of the inverted repeat elements. The distance between the repeat elements is 8 bp for lox but only 4 bp for rox. This is intriguing for several reasons. The distance between the top strand and bottom strand cleavages (the 'overlap' region) is generally 6-8 bp for the tyrosine recombinases (1). For Cre, the overlap region is 6 bp ( Figure 5 ) and even a 1 nt shortening of the distance between the inverted repeat elements to which Cre binds abolishes recombination (unpublished data). Subsequently, for the Dre/rox recombination system, one possibility is that the rox overlap region would be an unusual one for the tyrosine recombinases: 4 bp. Alternatively, the overlap region for the Dre/rox system may be a more typical 6 or 8 bp. If so, however, the resulting residency of the cleavage sites within the inverted repeat elements would mean that the nucleotides adjacent to the cleavage sites are identical for both the top and bottom strand cleavages. This would be unlike the Cre system, for which it has been proposed that it is precisely these flanking nucleotide differences at the cleavage sites that determine which strand is first cleaved (47) .
The large patches of high similarity between Cre and Dre ( Figure 7 ) in general correlate well with functionally important regions identified from pentapeptide map insertional mutagenesis of Cre. Conversely, several regions permissive for pentapeptide insertion (the N-terminus and the I-J and J-K interhelical regions) are less well conserved between Cre and Dre. We note that one region of sequence dissimilarity between Cre and Dre that is not tolerant of pentapeptide insertion is the linker between the M and N helices, perhaps indicating that for this linker it is specific length rather than specific sequence that is critical.
Genetic and biochemical exploitation of the amino acid sequence similarities and differences between Cre and Dre should help to better understand sequence-specific DNA recognition of the recombination site. One point of interest readily apparent in contrasting the Cre and Dre systems is the 3 bp heterology near the center of the inverted repeats ( Figure 5 , sequence in right repeat: 5 0 -ACG in lox, 5 0 -TTA Figure 7 . Comparison of P1 Cre and D6 Dre. Sequence identity is shown in yellow, and conserved amino acid changes are shown in green. Below the sequences is shown the known secondary structure (a-helices as dark blue cylinders, b-strands as orange arrows) of Cre (50) . Below the depiction of Cre secondary structure is a functional map of Cre based on pentapeptide insertion (9): blue bars represent points of insertion which have little or no effect on recombinase activity, and red bars indicate points at which insertion abolishes recombinase activity.
in rox). Mutation of this guanosine in the lox site blocks Cre binding and recombination (48) , as does mutation of R259 of Cre (49) , which contacts the guanosine of this sequence (50) . Dre displays proline instead of an arginine at this amino acid position, consistent with an important role for this region in rox-lox discrimination. We note that the nearby E262 position of Cre is important in specific recognition of the conserved sequence 5 0 -AA just next to this G residue in lox ( Figure 5 ) (6) and that this amino acid position is conserved in Dre.
In conclusion, comparison of the pac-c1 regions of P1 and four other P1-related phages showed that the gene organization of this region is conserved, and that the gene products of this region are nearly identical for all phages with the exception of D6. From sequence comparisons, the specificity of the D6 DNA packaging, immunity and site-specific DNA recombinase functions are likely to be different from those of P1. We have confirmed this heterospecificity for the DNA recombinase Dre of D6, and we have also shown that Dre can catalyze site-specific DNA recombination in mammalian cells. We anticipate that further work with Dre will not only provide insight into the mechanism of site-specific recombination but will also lead to the generation of new tools for genetic engineering (51) .
